Using as a source of interaction the vector exchange of the local hidden gauge approach that in the light quark sector generates the chiral Lagrangians, and has produced realistic results for Ω c , Ξ c , Ξ b and hidden charm pentaquark states, we study the interaction of meson-baryon coupled channels that leads to Ξ bb and Ω bbb excited states of molecular type. We obtain seven states of Ξ bb type with energies between 10408 MeV and 10869 MeV and one Ω bbb state at 15212 MeV. *
I. INTRODUCTION
Doubly and triply heavy baryons are the subject of continuous theoretical attention [1] [2] [3] which has intensified with the recent finding of a Ξ ++ cc state at LHCb [4] . Ξ bb and Ω bbb states have not yet been found, but are likely to be observed in the future in LHCb or Belle II facilities. It is, thus, most opportune to make theoretical predictions before experiments are done. Concerning Ξ bb and Ω bbb states, most of the theoretical work concentrates on quark model calculations with three quarks [5] [6] [7] [8] [9] , but calculations with pentaquark configurations are already available in Refs. [10, 11] , where one can also find a thorough survey of earlier work on quark models for doubly and triply heavy baryon states. Suggestions to observe these states looking at weak decay products have been done in Refs. [12, 13] and in e + e − colliders in Ref. [14] . Yet, molecular states of these types from meson-baryon interaction have not been investigated so far, and this is the purpose of the present work.
Molecular states of meson-baryon type bound by the strong interaction of the mesons and baryons in coupled channels are peculiar. While there can be states bound by several tens of MeV, there are others which are very close to the thresholds of some meson-baryon states. Assume to begin with that we have just one meson-baryon channel bound with a small binding energy B. The coupling of this state to the meson-baryon component, g, is such that −g 2 ∂G ∂E E B = 1 (E B , energy of the bound state), where G is the meson-baryon loop function such that the scattering matrix is given by T = V + V GT . This function has a cusp at threshold of the meson-baryon channel, such that its derivative to the left is infinite at the threshold. Thus g 2 → 0 as the binding B goes to zero [15] . This can be derived from another perspective and is known as the Weinberg compositeness condition [16, 17] , and g 2 ∼ √ B. What is less known is that when one has coupled channels if the bound state gets close to the threshold of one of the coupled channels, the couplings of the bound state to all the channels go to zero [15, 18] . As a consequence, the decay widths for the given channels, proportional to g 2 i , go to zero and one obtains automatically very narrow widths. This property, so naturally obtained with molecular states, is a source of permanent problems in three quarks or tight pentaquark models for these states [19] .
A clear situation favoring molecular states is the recent finding of three narrow pentaquark states by the LHCb collaboration close to the Σ cD , Σ cD * thresholds [20] , which have been interpreted in a large number of papers as molecular states [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . This is also the case of
the work of Ref. [36] updating the earlier predictions made in Ref. [37] . The same molecular model has been successful predicting three of the narrow Ω c states of LHCb [38] in Refs. [39] [40] [41] and some Ξ c states reported in the PDG [42] and the Ξ b (6227) observed by the LHCb collaboration [43] in Ref. [44] . Predictions for the yet not observed Ξ bc states are done in
Ref. [45] .
We use here the same source of interaction that has been tested successfully in former cases and make predictions for Ξ bb and Ω bbb states.
II. FORMALISM
In order to understand the classification of the states of the meson-baryon channels that we consider, it is convenient to begin with the source of interaction that we use. Let us look at the B − Λ b → B − Λ b transition for example, which we depict in Fig. 1 . By means of the mechanism of Fig. 1(b) , one can exchange a uū state between the B − and the Λ b . This could physically correspond to a π or also ρ, ω. One can equally exchange a bb pair which could correspond to η b or Υ, but with this exchange corresponding to a meson propagator we can anticipate that η b or Υ exchange would be very much suppressed because of the large mass of the bb state compared to the uū one.
The next consideration is that, should we have a K − instead of a B − in Fig. 1 , one can use chiral Lagrangians to obtain the strength of the exchange mechanism. After that we recall the observation in Ref. [46] that the chiral Lagrangians can be obtained from the local hidden gauge Lagrangians which rely upon the exchange of vector mesons [47] [48] [49] [50] . In the
interaction we would have the same uū exchange and the s quark would be a spectator, the same as in the diagram of Fig. 1(b) where the b quark is a spectator. We can make a mapping from the
at the quark level, taking into account that when writing the S matrix at the meson level the normalization factors of the meson fields 1
These considerations are done in Ref. [51] .
The next point in the evaluation of the diagrams is that instead of Lagrangians one can use operators at the quark level, both in the upper vertex BBV [52] and at the lower vertex Λ b Λ b V with V the vector meson exchanged [40] , to get the same results as with chiral Lagrangians. The result of all these considerations is that we can use for practical reasons the Lagrangian for the upper vertex
with · · · standing for the matrix trace, g = M V 2fπ (M V ∼ 800 MeV, a vector mass, f π = 93 MeV) and P, V thematrices written in terms of pseudoscalar or vector mesons respectively, with the quark u, d, s, b that we have. Hence
where we use the η-η ′ mixing of Ref. [53] . The lower vertex is of the type V ν γ ν and we make the approximation where the momenta of the particles are small compared to their masses and γ ν → γ 0 ≡ 1, rendering the interaction spin independent. This means that upon
is still evaluated at the quark level and the Lagrangian is trivial in terms of operators,
and so on, which has to be sandwiched between the baryon wave functions. The next step to complete the program is to write the wave functions, and here we divert from using SU(4) or other extensions of SU(5) because the heavy quarks are not identical particles to the u, d, s
quarks. Then we single out the heavy quark and impose the symmetry of flavor-spin on the light quarks. If we instead have two or three b quarks, then we impose the flavor-spin symmetry on the b quarks. This said, if we look for meson-baryon states with two b quarks we have the possibilities:
and the meson-baryon states are
Since we have two identical b quarks, the spin wave function has to be symmetric in these quarks. We take them as number 1 and 2, and thus we must use the mixed symmetric spin wave function χ M S in the first two quarks.
2) One b quark in the baryon and one in the meson. We have the meson-baryon states
In this case the flavor-spin symmetry is imposed on the second and third (light) quarks.
The baryon states are classified as shown in Table I . 
We need the χ M S (12), χ M S (23) and χ M A (23) which are given by Ref. [54] for s 3 = 1 2 ,
Note that Ξ bb and Ω bb can have spin overlap with the other baryons components of Table I with our spin independent interaction, since
We shall also consider vector-baryon states and pseudoscalar combinations with baryons of Table II . They all have the full symmetric spin wave function χ S , 
The combination of vector-baryon( 3 2 + ) gives rise to states in a region difficult to identify experimentally [36] and we do not study them.
For the case that we have vector-baryon interaction, the upper vertex is evaluated using
, and in the limit of small momenta V µ of Eq. (1) is the exchanged vector. Hence, the interaction is calculated in the same way as for pseudoscalars except that there is an extra ǫ · ǫ ′ factor which states the spin independence of the upper vertex [40] , hence all the interaction is spin independent. This feature of the interaction allows us to classify the channels into different blocks:
Taking into account our isospin phase convention (−π + , π 0 , π − ), (B + , B 0 ), (B 0 , −B − ), (K + , K 0 ), (K 0 , −K − ), we can construct our isospin wave function for the former blocks to have isospin I = 1 2 for the global "Ξ bb " states and using the interaction of vector exchange discussed above, we obtain an interaction of the type
where, k 0 , k ′0 are the energies of the mesons and D ij are the coefficients which are shown in the tables below.
Note that since χ M S (12) of the Ξ bb , Ω bb states has overlap with χ M S (23) and χ M A (23) the blocks a) and b) can mix and then have to be put together. The same can be said about the blocks c) and d) which also have to be put together. Then we obtain the D ij coefficients shown in Tables IV, VI, VIII (note that we change the order to baryon-meson in the tables, which must be taken into account when constructing the isospin wave functions). In Tables III, V, VII we show the thresholds of the channels considered. The masses not tabulated in the PDG [42] are taken from Ref. [55] . In the tables we have some terms that go with the parameter λ. They correspond to transitions that require B * exchange. Because of the large mass of the B * compared to the light vectors, these terms are very much suppressed.
With the same considerations as in Ref. [40] , we can estimate λ as
We should note that when we exchange light vector mesons, the heavy quarks are spectators and, hence, automatically these terms fulfill the rules of heavy quark symmetry. The exchange of B * makes the b quark active. This term goes barely as O( 1 m Q ) (with m Q the heavy quark mass) and is not subject to the heavy quark spin symmetry rules. Note that these terms are very small in our approach, as expected. states, with J = 3 2 , do not couple with the "Ξ bb " states constructed before since they contain one more b quark. We can also construct V -baryon ( 1 2 + ) states coupling to "Ω bbb " and they are: ω Ω bbb , φ Ω bbb ,B * Ξ bb ,B * s Ω bb . In Table X we show the threshold masses of the pseudoscalar-baryon channels and in Table XI the D ij coefficients.
III. RESULTS
With the V ij potential of Eq. (13), we solve the Bethe-Salpeter equation in coupled channels 
where G is the diagonal meson-baryon loop function given by
where ω l , E l are the energies of the meson and baryon respectively, ω l = m 2 l + q 2 , E l = M 2 l + q 2 , m l , M l the meson and baryon masses and p 0 is the energy of the incoming baryon in the meson-baryon rest frame. As in former studies [52, 56, 57] , we use q max = 650
MeV to regularize the loop function. The poles are searched for in the second Riemann sheet as done in Refs. [52, 56, 57] and the couplings of the states to the different channels are obtained from the residues of the T ij matrix at the pole, z R , knowing that close to the pole one has
The second Riemann sheet is obtained using G II (s) instead of G(s) given by
where √ s th,l is the threshold mass of the l-th channel, and
In Tables XII, XIII we show the couplings and the wave function at the origin for two states with J = 1 2 that we obtain from the coupled channels of Table IV . In addition to the couplings g i , we show the values of g i G II i at the pole which according to Ref. [15] provide the strength of the wave function of the origin. We find two states, one at 10408 MeV with about 186 MeV width, which couples mostly to the Ξ bb π component, with a nonnegligible coupling to Ω bb K and Λ bB . The large width of this state stems from the large coupling to the Ξ bb π channel and the fact that this channel is open. The second state appears at 10686 MeV with a very small width. It couples mostly to the Σ bB channel, which is closed. The Ξ bb π channel is open, but the coupling to this channel appears to be very small, which justifies the small width obtained.
Some of the components are quite bound and one may wonder that the sizes of these components would be very small. Yet, this is not the case, since, as shown in detail in
Ref. [45] the size of the channels is not tied to the binding but is determined by the cut-off, and r 2 |ψ(r)| 2 peaks around 0.7 fm, with still a sizeable strength around 1 fm.
Next we turn our attention to the states generated from the coupled channels of Table VI, from vector-baryon( 1 2 + ) states. We find now three states with zero width, degenerate in
− . We should note that the additional consideration of pion exchange would break this degeneracy but, as discussed in Ref. [45] , their effects are largely incorporated in our approach through a suitable choice of q max , and only a small remnant part remains to produce a small splitting between the In Tables XIV, XV and XVI, we show the properties of these three states. The first state appears at 10732 MeV and couples mostly to Σ bB * . The second state shows up at 10807 MeV and couples mostly to Λ bB * . The third state appears at 10869 MeV and couples mostly to Ξ bb ρ. Note that all the channels are closed and this is why we obtain a zero width. Finally we look at the only "Ω bbb " state that we find from the coupled channels of Table X .
The state is found at 15212 MeV and couples mostly to Ξ * bbB , as shown in Table XIX . All coupled channels are closed and we obtain zero width for this state. 
IV. CONCLUSIONS
We have carried out a study of the interaction of meson-baryon coupled channels that leads to the formation of some bound or resonant states, corresponding to excited Ξ bb and Ω bbb states. As in related studies of Ξ c , Ξ b , Ξ bc and hidden charm molecular states, we have used an interaction based on the exchange of vector mesons, which in the case of light quarks gives rise to the chiral Lagrangians. In particular, the exchange of light vectors, which produces the dominant part of the interaction, leaves the heavy quarks as spectators and fulfills the rules of heavy quark symmetry. We find seven states of Ξ bb nature and one state of Ω bbb nature. The success in describing the hidden charm pentaquark states, plus some Ω c , Ξ c , Ξ b states using the same input for the interaction, makes us confident that the predictions made are realistic and it will be interesting to contrast them with future measurements likely to be done at LHCb and Belle II. 
